The chromatic appearance of a surface depends on its surrounding scene. A variety of mechanisms have been proposed to account for such phenomena, ranging from low-level gain control or adaptation processes that adjust for such properties as a scene's chromatic mean [1, 2] and covariance structure [3] [4] [5] , to higher-level computations that compensate for the chromatic content of the illuminant [6] . Despite their differences, a shared prediction of all such processes is that color induction should be limited to a full discounting of the surround or illuminant color-that is, an opponent color shift equal in magnitude to the chromatic bias of the surround or illuminant. Here, we report new forms of chromatic induction that can be significantly larger than predicted by all such models. We show that when the geometric and chromatic relationships between a target and its surround support a decomposition of an image into multiple layers, the induced color can significantly exceed the full discounting prediction. Similar phenomena are also observed with achromatic stimuli, suggesting that common processes of perceptual decomposition are involved in both forms of induction. These results demonstrate that information about the geometric and photometric relationship between a target and its surround is utilized by the mechanisms involved in color induction.
The chromatic appearance of a surface depends on its surrounding scene. A variety of mechanisms have been proposed to account for such phenomena, ranging from low-level gain control or adaptation processes that adjust for such properties as a scene's chromatic mean [1, 2] and covariance structure [3] [4] [5] , to higher-level computations that compensate for the chromatic content of the illuminant [6] . Despite their differences, a shared prediction of all such processes is that color induction should be limited to a full discounting of the surround or illuminant color-that is, an opponent color shift equal in magnitude to the chromatic bias of the surround or illuminant. Here, we report new forms of chromatic induction that can be significantly larger than predicted by all such models. We show that when the geometric and chromatic relationships between a target and its surround support a decomposition of an image into multiple layers, the induced color can significantly exceed the full discounting prediction. Similar phenomena are also observed with achromatic stimuli, suggesting that common processes of perceptual decomposition are involved in both forms of induction. These results demonstrate that information about the geometric and photometric relationship between a target and its surround is utilized by the mechanisms involved in color induction.
Results and Discussion
The light reflected from natural scenes carries information about the intrinsic reflectance properties of surfaces. However, the information about surface color is conflated with variations in the chromatic content of the illuminant [7] , the properties of transparent surfaces or media, and interreflections [8] . The visual system's ability to retain approximately constant object colors across changes in illumination indicates that it embodies heuristic mechanisms that either explicitly or implicitly disentangle contributions of the illuminant or transparent layers from the reflectance properties of surfaces [3, 6, 9, 10] . A fundamental goal of color science is to understand how the visual system exploits contextual relationships between a target and its visual ''environment'' to recover the causes of the chromatic variation in a scene.
One of the most studied forms of contextual effects in color vision involves the perceived shift in a target's color when placed in different scenes [11, 12] . Such phenomena are typically referred to as ''color induction'' because the perceived color of a target is affected by its context. Many current models attribute color induction effects to low-level mechanisms, such as adaptation and gain control [3, 4] , which predict that perceived color depends on the global color statistics of the scene. Many studies support this view, and even though chromatic variance was shown to exert an influence [5, 6, 13] , the mean surround color was identified as the primary determinant of induced color experience in center-surround displays [1, 2] . In such models, color induction is thought to be a consequence of a translation of the chromatic neutral point when targets are placed in scenes that are chromatically biased. The maximum color induction that should then be observed is limited to the size of the chromatic bias (i.e., deviation from the neutral point) of the surround. In low-level models, this limit arises from the nature of the gain-control (or adaptation) mechanisms that adjust their sensitivities to the surround's chromatic bias. Similar limits on color induction are imposed by mechanisms designed to discount the chromatic content of scene illuminants. In the ideal case, the visual system would perfectly compensate for the chromatic content of the illuminant, which predicts that the perceived chromaticity of a target patch should be shifted by a magnitude equal to the chromatic shift induced by the illuminant, but in the complementary direction in color space. Thus, both types of models place an upper bound on the expected chromatic induction to the size of the chromatic shift from the neutral point induced by the illuminant.
However, recent work in the perception of achromatic reflectance revealed that much larger forms of induction are observed in (achromatic) displays when the geometric and photometric relationships between a target and its surround induce a decomposition of the target region into multiple layers, one of which is transparent [14, 15] . Here, we show that similar computational strategies are employed by the visual system to decompose (or scise) images into multiple layers, in the more general case of colored scenes, and that the color induction observed in these displays can significantly exceed that predicted by any model that is limited to a full-discounting prediction. Perceptual scission imposes low-level constraints on the local image structure: image decomposition occurs only when specific geometric and photometric relationships hold between a target and its surround [14, 16, 17] . Triggering a layered scene representation requires both cues to the structural relatedness of center and surround and a pattern of local border contrast that satisfies the photometric conditions for scission. Whereas constancy, adaptation, and gain control mechanisms place an upper bound on the size of the induction to a full-discounting of the illuminant or surround color, scission computations are not so limited, because they depend on the specific pattern of border contrasts between a target and surround and what the visual system interprets as the surface region within the target to be in ''plain view.''
To satisfy the photo-geometric constraints on scission, we created a center-surround display composed of a dynamic chromatic noise texture containing randomly colored thin lines or small dots. The central target region was constrained to have an unbiased (achromatic) mean color, whereas the surround color distribution was shifted along a chosen axis in color space to simulate the effect of a colored filter (Figure 1 ; see Movies S1 and S2 available online). Whereas previous studies on layer estimation in transparency or illumination perception [9, 10, 17] have used stimuli that simulate the effect of colored filters on an unchanged surround, our displays take the opposite approach that characterizes studies of chromatic induction: we simulated a filter-induced chromatic bias in the surrounds of unbiased targets and measured the perceived color changes induced on the (unbiased) target. This manipulation induces large complementary color shifts into the variegated target regions that surpass those observed in homogeneous center-surround displays. This effect is most evident when comparing the appearance of identical central patches embedded in different backgrounds with distinct color biases. Subjectively, our textured displays elicit a percept of multiple layers in different depth planes in the central target region: a uniformly colored surface and a dynamic noise surface (Movies S1 and S2).
We compared the strength of color induction observed in center-surround displays containing a dynamic striped or dotted noise pattern with color induction observed in uniform center-surround displays by using four different surround color biases. The central region was either in the depth plane of the surround, behind the surround, or in front of it. The task of the subjects was to set the hue and saturation of an adjustable uniform patch surrounded by achromatic white noise so that it matched the color of the central test object as closely as possible. Results of these experiments are plotted in the Boynton-MacLeod chromaticity diagram shown in Figure 2 . For each surround color, we pooled the data for all subjects and depth conditions, because they exhibited no systematic differences. In keeping with previous findings on color induction [11, 12] , the hue settings for the induced target colors are complementary to the corresponding mean surround hue. The high saturation values of the observers' settings confirmed the subjective impression of a strong color induction effect, which is visible as large distances of the average settings to the achromatic point in color space. The color matches to the physically neutral target region are typically more saturated than the average surround color. The random-dot texture condition yielded induction effects of similar strength as the line texture, demonstrating that scission is not contingent on a particular texture pattern ( Figure 1C ). Additional observations indicate that the induction effect holds over a wide range of scales of texture coarseness. This finding contrasts with earlier reports of strong color shifts induced by textured surrounds [18, 19] that depended strongly on the spatial frequency content of the texture and were predominantly assimilative, rather than complementary.
Previous studies have reported that uniform displays lead to stronger complementary color induction than textured ones [9, 20, 21] . To compare the results obtained with our variegated stimuli with comparable uniform center-surround displays, observers matched the perceived color of an achromatic uniform center patch embedded in a uniform surround with the same mean chromaticities as the corresponding variegated displays (Figure 2 ). These displays generate a much weaker induction effect than their variegated counterpart, staying within the limits of the prediction derived from Walraven's full discounting model as applied to our data in a color space linearly related to cone excitation space. Its von Kries transformation step, which follows the center-surround subtraction, is neglected by setting the attenuation factors to unity. This result is not restricted to the particular colors used. We tested other uniform center-surround configurations that were nominally isoluminant (the optimal case for color In each column, the center patches are physically identical and have an achromatic average. In (A)-(C), the center patch in the reddish surround looks greenish, whereas the same center in the greenish surround looks pinkish. In the moving stereoscopic versions of these stimuli, they tended to appear as a homogeneous patch that lies behind a textured array of dynamic noise. In (B), the chromatic variance of the center patch is reduced, compared with that in (A), and the color induction is weaker. In (D), the uniform stimuli are composed of the average colors of (A). Compared with (A), the color induction is much weaker. In (E), the same color distributions for center and surround are used as in (A), but the phase relationship between center and surround is changed. Although all global color statistics are approximately identical to those in (A) and the texture continuity is preserved, this manipulation destroys the pattern of local border contrast essential for scission. As a consequence, color induction is greatly diminished or abolished. Note that the intended colors may be incorrectly reproduced in print, and on different display devices, although center patches should still be equal. See Movies S1 and S2 for the dynamic stimuli used in our experiments.
induction in such displays [22, 23] ) and included more saturated surrounds of the same hues (Figure 3) . Consistent with previous reports [23] [24] [25] , the strength of the induction effect increased only modestly (or not at all) with higher surround saturations.
Large induction effects in uniform center-surround displays containing a temporally varying center have previously been reported [26] , which raises the possibility that the differences between the homogeneous and textured displays might be attributable to temporal variations. We therefore replicated our experiment without shuffling the texture elements after each frame (Figure 4) . The strength of the induction observed in this condition is similar to that obtained in our dynamic stimulus. Hence, the observed discrepancy in induction strength between homogeneous and the textured stimuli cannot be attributed to their different temporal properties. The texture consisted of randomly colored lines (A) or randomly colored dots (B). The experiments were conducted with dynamic versions of the textured center-surround stimuli. The same textured center was shown in four differently colored surrounds. Four uniform center-surround displays were tested as a comparison, consisting of the average colors as the corresponding regions in the textured stimulus. Diamonds indicate the (mean) inducing colors of the four surrounds, and crosses show the (mean) center color. Light gray dots show the mean color matches for the uniform surrounds, and dark gray dots show the mean color matches for the textured surrounds. Ellipses indicate the 95% confidence ellipses of the settings. Dark gray arrows indicate the amount of complementary color shift of the center induced by the textured surrounds, and light gray arrows indicate the amount of complementary color shift predicted from a full-discounting model. As expected, a complementary color induction effect can be observed for both the uniform and textured stimuli. For uniform stimuli, the strength of the induction is low, as indicated by the short distance of the matches to the white point, roughly corresponding to the perceived saturation of the test patches. For textured stimuli, color induction is much stronger and even surpasses the full discounting prediction, as indicated by the larger distances to the white point, corresponding to higher perceived saturations of the test patch. Color induction for line (A) and dot (B) textures is of comparable strength, indicating that the type of the noise texture is not crucial for the effect.
Our results exceed expectations of theories based on either low-level adaptation or gain control processes, or higher-level computations that attempt to compensate for the chromatic content of the illuminant as indicated by the average surround color. The full-discounting of the surround chromaticity would lead to a shift of the perceived target color that is as large as the color bias of the surround, but in the complementary direction. Previous studies with fully textured scenes fell short of or were in line with this prediction [4] . Our results surpass this full-discounting limit in most experimental conditions. Because scission is sensitive to geometric stimulus properties, its responsibility for the chromatic induction observed in our textured stimuli can be tested in a straightforward manner: the induction should be abolished when the pattern of local border contrast is incompatible with scission, even if the global color statistics remain the same. In our stimuli, this can be accomplished by phase scrambling the lines within the central target region relative to the surround. This manipulation does not alter the spatio-temporal color statistics of either the center or surround and preserves the geometric continuity of the lines; it only alters the photometric consistency between the line colors in the surround and the target. Contrary to the expectation from all structure blind mechanisms, this The same achromatic center was combined with 16 isoluminant surrounds (four surround hues, each one tested with four different excitation purities). Triangles indicate the inducing colors of the four surrounds. Circles show the mean color matches. Correspondence between a particular inducing surround and the resulting color matches is indicated by the gray level, as well as size of the symbols. As expected, an opponent color induction effect can be observed. The strength of the induction is low, as indicated by the short distance of the matches to the white point, roughly corresponding to the perceived saturation of the test patches. An increasing saturation of the surround led to only moderately stronger induction effects that were still much weaker than those observed in the textured stimuli. The same textured center was shown in four differently colored surrounds. Four uniform center-surround displays were tested as a comparison, consisting of the average colors as the corresponding textured stimulus. Diamonds indicate the (mean) inducing colors of the four surrounds, and crosses show the (mean) center color. Light gray dots show the mean color matches for the uniform surrounds, and dark gray dots show the mean color matches for the textured surrounds. Ellipses indicate the 95% confidence ellipses of the settings. Dark gray arrows indicate the amount of complementary color shift of the center induced by the textured surrounds, and light gray arrows indicate the amount of complementary color shift predicted from a full discounting model. As expected, a complementary color induction effect can be observed for both the uniform and textured stimuli. For uniform stimuli, the strength of the induction is low, as indicated by the short distance of the matches to the white point, roughly corresponding to the perceived saturation of the test patches. For textured stimuli, color induction is much stronger and even surpasses the full discounting prediction, as indicated by the larger distances to the white point, corresponding to higher perceived saturations of the test patch. manipulation dramatically weakens any color induction effect (Figure 1, Movie S1) . Indeed, the central target region no longer appears to contain a uniformly colored layer at all.
A second theoretical perspective involves scission in a similar manner as color constancy approaches. If the target region is interpreted as a transparent layer in front of a surface sharing the color distributions of the surround, then the transparent layer should appear to have properties that are appropriate to turn the surround's color bias into the target region's neutral (unbiased) color distribution. Here, too, the maximum color shift that should be observed would be the complement of the surround's mean chromaticity, as it would null the surround chromaticity within an additive model of perceptual transparency [17] . In keeping with these predictions, the perceived color of transparent layers in previous studies was either consistent with a full discounting prediction or fell short of this prediction [9, 10] . The stronger color induction observed in our stimuli demonstrates that our displays engage a different form of color induction than those previously studied.
Our results cannot be adequately captured by a model limited by a full discounting of the surround's mean chromaticity. What, then, accounts for our results? The chromatic attributes assigned to image regions that are decomposed into multiple layers hinges on how the visual system determines which surface regions are in plain view. Because transparent layers can only lower (or preserve) the contrast of underlying surfaces, the visual system may rely on the chromatic elements in the target region that contain the highest contrast relative to the chromatic bias of the surround to determine the color of the target layer. Our data reveal that observers' matches are biased toward the most saturated color in the target region that contrasts most strongly with the surround's chromatic bias. Indeed, the magnitude of chromatic induction observed on the target region is clearly reduced when the chromatic variance of the target region is reduced ( Figure 1B ; Movie S3). Similar principles have been recently articulated in lightness perception [14, 15] and can be observed directly in achromatic versions of the displays used in Experiment 1 (Movie S4). Note that, in achromatic displays, the lightness of the central target is determined by the regions within the target that have the highest contrast relative to their surround. For dark surrounds, the highest contrast regions of the target relative to the surround are the highest luminance (white) regions in the noise; for light surrounds, the highest contrast regions of the central target relative to the surround are the dark (black) regions in the noise. These highest contrast regions appear in ''plain view'' through the dynamic noise pattern-that is, they appear unobscured by the near transparent layer. A similar analysis can be applied to the chromatic variants of these displays, but contrast is now defined along chromatic axes in color space between the center and surround. Taken together, these phenomena suggest that the visual system employs similar computations to decompose images into layers along both chromatic and achromatic axes in color space.
In contrast to previous findings [1, 9, 10, 20, 21] , our results demonstrate that variegated displays can induce color changes that far surpass those induced by comparable uniform center-surround displays, as well as those expected from full-discounting models. We attribute this difference to the additional information present in the variegated display to support layered image decomposition. Our findings suggest that strong color shifts may occur only when the stimulus triggers decomposition of an image into layers. This happens when the stimulus contains cues to the textural continuity between center and surround and when the local border contrasts between the center and surround satisfy the photometric conditions of scission [14, 16] . These results provide strong evidence that scission can dramatically influence color appearance in variegated scenes beyond what has been shown previously and must, therefore, play a role in any complete model of human color vision. Finally, our work reveals that the previously reported differences between induction effects in uniform center-surround displays and variegated displays [24, 27] are not due to a fundamental difference in the nature of the mechanisms engaged for these two display types. Rather, our results show that the effects of image decomposition on color appearance can be observed for any display in which the geometric and photometric conditions for scission have been met.
Experimental Procedures
Stimulus Construction Each stimulus of a given texture type (lines or dots) was constructed with the same noise texture consisting of either randomly colored, thin vertical lines or randomly colored small dots. The average color of the texture elements was achromatic. The central target patch was generated by linearly blending the noise texture with an achromatic color. The four different surrounds for each texture type were generated by linearly blending the noise texture with the colors ''magenta,'' ''green,'' ''blue,'' and ''yellow,'' respectively. The resulting four test stimuli for each texture type all had the same center with an achromatic mean color, whereas the surrounds were, on average, magenta, greenish, bluish, and yellowish. The position of each element of the noise texture was randomly shuffled from frame to frame. The center was shaped as an arc to minimize temporal fluctuations in the spatial mean chromaticity in the center while still providing disparity information. The uniform center-surround stimuli used to compare the induction strength were constructed with the mean colors for the center and the different surround textures, respectively. The textures used for the phase-scrambled control condition where the induction effect was abolished differed from their nonscrambled counterparts only in the spatial arrangement of the center texture elements and contained the same color distributions and mean chromaticity.
Procedure
Stimuli were generated on a PC with the OpenGL library and were presented in a dark surround on a monitor that was calibrated, linearized, and controlled with 8 bits resolution per gun.
Three naive subjects and author D.W. participated in the experiment with the line texture, whereas three other naive subjects and D.W. participated in the experiment with the dot texture.
To measure the perceived color in stimuli similar to Figures 1A and 1C , subjects were presented with a stereoscopic pair of the test stimuli together with a stereoscopic pair of a corresponding match stimulus. Subjects viewed the stimulus configuration by means of a mirror stereoscope. Horizontal disparity was added to the central test region on some of the trials. The match stimulus consisted of an adjustable uniform center embedded in a surround of achromatic noise. The luminance of the match center was equal to the mean luminance of the test center. Subjects adjusted the chromaticity of the matching patch until its color resembled the moving central object in the test stimulus as closely as possible (see Supplemental Experimental Procedures online for detailed information on stimuli and procedure).
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures and four movies and can be found with this article online at http://www. current-biology.com/supplemental/S0960-9822(09)00625-3.
